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PREFACE

There is a strong drive among the NATO nations to reduce the cost of ownership of aircraft. Advances in manu-
facturing and fabrication technology can lead to lower manufacturing costs which reduces aquisition costs. These
advanced manufacturing techniques may also lead to lower weight structures.

The Structures and Materials Panel held a Specialists’ Meeting in 1978 on advances in fabrication processes and
there was a h:gh level cf interest by the participants. The Panel decided to continue an activity.in this area by selecting
a particular area of advancing fabrication technology for more in-depth study.

Advances in casting technology can lead to a single casting replacing a complex fabrication of wrought components
with consequent cost and weight benefits but there is traditionally a reluctance by designers to trust castings. The
object of the Specialist Meeting was to present the current state of developments of advanced casting technology, and
to bring together designers and materials and processing engineers for a full exchange of views.

The Meeting was attended by about 85 participants and discussion was lively. The papers presented a comprehen-
sive review of the state of casting technology development, and illustrate the significant advances made over the last few
years. It became clear from the discussion that the use of castings, especially aluminium alloy castings, for main structural
applications is likely to increase significantly in the near future. The discussion highlighted areas needing further attention,
which included: —

1. Designers nead to design for casting, not convert a wrought fabrication.

2.  There is need for greater liaison between designer and foundry before a casting is designed in detail.
3. Greater use could be made of the foundry science already known.
4. Thereis a need for foundries to prove that castings can be manufactured at repeatable quality, price and

delivery.
5. There is a need to reduce the current costs of proof of quality.
6. There is score for alloy development.

On behalf of the Structures and Materials Panel I would like to thank the Authors, Session Chairmen, Session
Recorders and participants for their excellent contributions which made the Meeting so successful,

J.R.LEE
Chairman — Sub-Committee on
Advanced Casting Technology
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ADVANCED CASTINGS IN THE DESIGN OF MILITARY ATRCRAFT

by
D. J. Duckworth
R. M. Shaw
British Aerospace P.L.C.
Aircraft Group
Warton Division
Preston -
PR4 1AX
U.X.

U INTRODUCTION

The title of the meeting is 'Advanced Castings'. 1In writing this paper, we had to decide whether to
concentrate upon castings which are being considered for our latest airframes, or alternatively, to review
how we have used castings and what developments have taken place from the user point of view, over a
period of years.

We eventually came down in favour of the latter, and as the luck of the draw has placed our paper as
Paper 1, Session 1, we believe this decision to be correct for the purpose of the meeting.

Perhaps in reviewing our experiences we may pose several questions which hopefully will be answered
by the later speakers on New Developments, Casting Practice and Quality Control.

In any new design the final shape used is always a compromise. Such factors as cost, structural
efficiency, mechanical properties and quality must all be taken into account.

We will attempt to show how these factors interact and highlight what we believe to be the more
important areas where development is required.

Finally, we will try to predict the future concerning the more extensive use of castings in modern
airframes.

2. "USER" EXPERIENCE

The Military Aircraft Group of British Aerospace have designed and used castings for the last 35 years.
During this time, castings made by all the well established processess e.g. Sand, Investment, Shaw, Gravity
die, have be=n used with varying degrees of success.

In some cases, castings have been made for experimental development purposes which, although having
performed in a satisfactory manner on test have been prevented from being introduced into airframes for a
variety of resasons such as cost, too short a time scale, insufficient numbers to be made, lack of
confidence ia the process, etc.

When castings have been used, they have always been to established British Standard Aerospace
Specifications if available. Where there is no British Standard available, we have written a Domestic
Specification which is approved by the Ministry of Defence.

Many casting specifications have been written without any guarantee of strength within the casting
itself. The castings are released from the foundry on the basis of test results obtained from separately
cast test bars. 1In many cases "chilled" test bars are used which do not reflect the properties within the
body of the zasting. Fortunately, the more recently written specifications are giving properties for
seperately cast test bars and for properties within the casting.

The policy we are adopting at Warton, is where possible to use integrally cast test bars gated to the
same running system, these test bars to be used for the purpose of heat treatment control. Then where size
permits, test pieces are cut from actual castings at a frequency and location which is stated on the
drawing.

Zn order to illustrate the type and size of castings that have been used throughout the years in our
Military Aircraft we have assembled the following "figures". Also included are several illustrations of
test componeats from which useful information has been derived.

Figure 1. Tais part is in low alloy steel to B.S. HC10, a Nickel, Chromium, Molybdenum steel of 1150 MPa
tzansile strength.

W2 have consistently had difficulties with castings in low alloy steel irrespective of the
foundry or process used. Problems of porosity, distortion and occasionally decarburisation have
l2ad us to the gradual change to the precipitation hardening stainless steels of the 17/4 PH
type, with noticable all round improvement.

Included in these improvements is our greater confidence in weld repaired casting. In our
odinion, this point is of considerable significance. Some (American) foundries insist that weld
repair is permitted by the drawings when quoting.

Figure 2. This figure shows a selection of light alloy castings used on one of our current aircraft.

I can be seen that in most cases, it is impractical to take reasonable test specimens from
these parts. The castings are therefore represented by separately cast test bars.
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Figure 3.

Where separately cast test bars are used, it is essential that they are heat treated with the
components they represent.

We have also had one bad experience where castings were not heat treated and found their way
into structures.

Considerable effort was required to rectify the situation at a significant cost to the Company.

The recently introduced mandatory hardness checks into British Standards for all light alloy
castings have now improved the situation in that some guarantee is given that the castings
have been heat treated.

This shows our first production titanium casting in 6A1-4V alloy. Because this part was "a
first", a high casting factor was used for design purposes. If the part were to be designed
today, a lower factor would be used as the Ministry have now issued factors based upon
statistical data collected from general sources, including "hipped" castings.

More will be said about design factors later.

The radiographic standard for this casting was based upon the ASTM-E-192 comparison radiographs
for steel in the absence of such a standard for titanium. In our opinion, the defects shown in
this standard equate more to titanium than those in ASTM-E-155, which is the radiographic
standard for aluminium and magnesium castings, although this standard is still preferred by
some foundries.

More development and production components have been made in the titanium alloy 6A1-4V and some are

in service.

Figure 4.

Figure 5.

Figure 6.

These are illustrated in figures 4 to 7.

Shows a small Flap Track which is currently in production as a titanium forging machined all
over. Although this component as a casting was not introduced into production, due mainly to
insufficient numbers required at the time of completion of the development work, several
interesting points are worth noting.

1) There is a reduction in the total machining time required to produce a fully machined
component of 24 to 25 hours per plane set.

2) A suggested reduced cutter usage of T2%.

3) An increased material utilisation from 17% to 56% for the casting.

Full structural tests were made on three castings with the following results.
1) The castings all completed their fatigue test programme without failure.

2) A static test on one casting following fatigue testing did not fail the part at 140% of
the ultimate design load and the test was terminated.

3) A third casting was used to repeat the fatigue test at 10% higher loads for another fully
factored life, again, no failure occurred.

It must be noted however, that all the above assumes limited machining of the castings in
question and in this particular case there was a significant weight penalty.

This figure shows the result of a static test made on a titanium casting assembly used as part
of a flight refuelling probe. In this case, the casting on the right of the figure is electron
beam welded to a wrought titanium 6A1-4V tube machined from bar. It is interesting to note
the extreme permanent deformation adjacent to the failure although the casting contains
extremely large grains.

This figure illustrates the current production casting used as the "Pitch and Yaw Nozzle" in
one of our vertical take off aircraft. This component was originally made as a three piece
welded stainless steel casting and is now made in one piece in case 6Al-U4V titanium alloy with
a weight saving of approximately 43%.

All the above figures illustrate the potential of titanium as a cast material, however, it is our
belief that the full potential has yet to be exploited. For instance, the behaviour of cast titanium in
torsion is extremely interesting.

Figure 7.

This component was designed originally by the Royal Aircraft Establishment in order to obtain
test results for tensile, bending, torsion and lug performance from one casting. The
illustration shows the considerable torsional ductility exhibited by the 6A1-4V tube following
test. During the test, a rotation of approximately 45 degrees was achieved in the tubular part
of the casting without fracture.

It is suggested that this movement is achieved by the sliding of the "alpha" platelets within
the "beta" grain which allows considerable movement before actual rupture occurs.

Moving on to larger cast components which are being considered for production, figure 8 shows what
we believe to be a good example of the use of a light alloy casting for airframe structure.

Figure 8.

This component is hollow, has a high degree of complexity and introduces a structural element
which has to blend with the external profile of the aircraft.
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The part is in A357 alloy, an A1-S1-Mg material. It is quenched from the solutionising
temperatire into "BREOX" (Poly Alkaline Glycol) to reduce distortion. This is followed by
ageing tc achieve its necessary tensile strength.

We believe that by using castings of this type or larger, the full potential of the casting process
can te exploited for airframe manufacture. The larger the casting, the less parts there are to attach
together by fasteners, fewer detail parts are involved and by good design, weight can be saved.

To illustrate this point, we currently manufacture an Airbrake of approximately 1.7m by 0.5m. This
part, currently fabricated, is made up of 80 detail parts, all requiring individual planning, associated
paper work, storeage and most costly of all, assembly. As a casting, 60 of the component parts can be
eliminated. The saving is therefore obvious, however, it is still necessary for the foundries to produce
their castirgs at the right price, in the right timescale and for Design to commit themselves at an early
enough stage to meet production build programmes.

3. DESIGN PHILOSOPHY
3.1 Present approach to the design of castings

In the initial design phase of any new project, the choice of which materials to use and in what
form has to be made many times. With primary objectives of strength/stiffness, mass, time scale and cost,
the resulting choice is almost invariably materials in the wrought condition.

The selection >f wrought materials for most applications unfortunately leads to the subjective view
that this should be :the norm for all cases. This idea more than any other perhaps, explains why the use of
castings on our Milicary Aircraft has not been more widespread.

At present, thzre is no formal requirement for the designer to even consider castings so, unless he
has assessed the design requirements accurately and selected the material form objectively, castings are
unlikely to be chosen.

All too often, castings are only used as a last resort when all other forms of manufacture have been
eliminated, rightly or wrongly, on either complexity or cost grounds. This should not be so since castings
obviously have their place.

3.2 An improved approach to the design of castings

The whole field of optimum material and manufacturing route selection could well be improved by
formalising the process into a series of questions which when answered by the designer would lead to the
correct soluzion. In this way, castings would at least get a fair chance of selection for the correct
application.

For the designer to make the correct choice of a casting, he needs to be fully aware of contemporary
casting properties (toth good and bad!). A closer liaison between the designer, material specialist and
founder should ensure this.

It is suggestec that visits by designers to the foundries would stimulate an awareness of castings
in a broader context than just mechanical properties. This would put the designer in a much better
position to see the correct application when it came along.

At this stage rowever, the designer is in a "chicken and egg" situation where, perphas due to his
lack cf the latest dzta, he is reluctant to call for the use of castings until he sees more evidence of
service experience. The problem here of course is that he as the designer, is the only person who can
initiate the process of gaining the experience he needs.

As an iriterim step to a more formal and objective process of making the correct choice, the designer
should at lezst be persuaded to take a positive approach and ask the question, "Where can I use castings?"
rather than the all too familiar, "How can I avoid using them?7".

3.3 Factors which inhibit the use of castings

There is an extreme unwillingness in some cases, of both Design and Production to commit themselves
to castings at a prototype stage of a new aircraft, due to Design Instability. This results in other
routes of manufacture being chosen, such as machined from solid and fabricated. These methods of
manufacture are often carried over into production for a variety of reasons, the main one being that once
the design is "sealed" or frozen, our customers are reluctant to fund the introduction of castings, even
though eventual cost savings can be demonstrated.

We decided to use castings as widely as possible on one of our aircraft and finished up being very
disappointed for a variety of reasons involving Design, Manufacturing and Production. This bitter
experiance resulted i1 strong representations from Design and Production to design from solid or fabrication
for prototype on the 1ext project and change to castings later. We make the distinction here with the
Design Instability a~guement mentioned previously.

3.4 Good design feazures of castings
The most obvious advantage a casting has over other forms of manufacture is the comparative ease
with which comnplex shapes can be produced. It can prove to be very costly trying to produce these complex

shapes by other means.

Again, from a cost point of view, it is often desirable to minimise the number of parts necessary to
produce a givan assembly. Here again, the casting has a lot to offer.



Athird advantage which should be exploited fully is minimum machining. With good dimensional control
and careful detail design, the amount of machining can be minimised which leads to cost and time savings.

Another point which is perhaps not realised by some designers is that in the case of titanium and
steel castings, the basic cast material can have much the same strength as the wrought equivalents.
however, for aluminium and magnesium alloy, a reduction to approximately 60% and 75%
respectively of the wrought strengths is fairly typical.

It is perhaps interesting to note that most of the advantages lie ultimately in the area of cost
savings.

Bi5) Poor design features of castings and possible solutions

The most serious penalties from a design point of view are in the need for casting factors in
addition to the normal design factors of safety, also, the requirement for component strength testing and
finally the costly non-destructive radiographic examination of each component.

AvP970, which is the British Ministry of Defence "Design Requirements for Service Aircraft™, specifies
obligatory casting factors. These factors can vary from 1.05 to 2.5 depending on such things as material,
number of components to be strength tested, clearance by calculation only, etc.

Obviously, these factors introduce weight penalties, which in many cases are unacceptable in high
performance military aircraft, where weight saving is at a premium.

Component strength testing allows some relief on casting factors by comparison with clearance by
calculation, however, the testing increases the cost of the finished component.

The costly non-destructive radiographic examination of every component results in a financial
penalty which is apparent throughout the whole of a production programme.

As mentioned previously, the strength of aluminium and magnesium alloy castings is somewhat less than
the wrought equivalents. It is quite apparent that improvements here would be of benefit.

Finally, to complete the list of poor features, size limitations have restricted the use of castings
in the past to some extent, however, it must be said that some quite large castings are now starting to
appear which must be a step in the right direction.

Possible solutions to some of these poor design features lie in the judicious use of castings in
the right applications. For example, there is little point in striving for the last gram of weight
saving in a casting which is to be located in an area of the airframe where ballast is required for flight
stability.

Similarly, more use of castings in Class 3 applications would be advantageous since this eliminates
the need for expensive radiographic examination.

Perhaps most important of all, do we really need to carry out strength testing of each new design of
casting? This AvP970 requirement has been inherited from the days when much less was known about casting
and casting technology than is the case today. Elimination of this requirement would help significantly
in the effort to make castings more competitive.

3.6 Modern techniques for machining from solid

Whether this is Design Philosophy or Company Policy is hard to say but the recent introduction of
"Machining Centres" of the MOLINS type, for light alloy and the MITSUI for steel has influenced the
number of small items made as castings. These Centres can produce from solid at a cost that is hard to
match by castings. What these machines have effectively done is to remove a large slice of small parts
(up to 300mm by 300mm by 50mm) from the casting area. They have had no bearing on larger items but to
some extent can be said to have taken the smaller (easier?), "run of the mill" items away from the foundries
and thus made their life more precarious.

4, PERFORMANCE, PROBLEMS AND REMEDIES

Considering all the variables involved in the use of castings and despite their apparent
deficiencies, castings have performed very well in our airframes over the last thirty years or so. We can
only recall one failure incident serious enough to have put an aircraft in danger. A diagnosis of the
failure showed this to be the opening up of a "cold shut" causing a nose wheel of the aircraft to fold up
on landing. Fortunately, the remaining piece of the nosehweel acted as a perfect "ski" and the aircraft
landed without further damage.

One problem that has given considerable trouble over the years is the "oversell" by some foundry
representatives. They will promise to cast any shape with unrealistic tolerances, in timescales which can
never be met. If castings are to form a major contribution in the future for airframe structures it will
be essential for the technical relationship between user and foundry to be considerably improved. There
is also the possibility that there has been a tendency to under price castings.

The cost of material is relatively small when compared with labour and overhead costs which are
necessary to build castings into airframes. We are convinced that the user would pay more for castings
provided he could guarantee that he would receive a quality product in a timescale to meet build
programmes.

It is vital for the foundry industry to establish its reputation and credibility with the user and
thereby encourage designers to look more favourably upon this route of manufacture.
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It is suggested that the foundry industry requires more technical men in the field who can guide
potential users in detail matters concerning casting design at the onset of an airframe design. This will
reduce the "old problem" of trying to reproduce components, originally drawn as machined parts, by
castings, a formula which has inhibited the process from developing its full potential. In fairness, it
must be added that a fundamental change in the attitude of Design and Production towards the use of
castings on prototype aircraft is also required.

Up to the present time the majority of castings have been made using alloys and processess that have
been established for many years. It is essential therefore, that if the use of castings is to make any
significant impact ian the future, for aerospace parts, that advantage is taken of newer areas and
developments that can sway the designer away from thinking automatically of machined from bar or forged
production routes.

Changes will have to be made, both in the foundries and in the attitude and knowledge of designers.
There is no doubt that optimum use of castings in airframes can only be achieved if the "right" component
is identified initially as suitable for casting, i.e. complex shapes, hollow shapes are ideal, and to be
left with as little machining as possible prior to assembly within the airframe.

The following are therefore suggested as areas which can be exploited to the benefit of all :-
4.1 Provision of large castings

A recent progrzmme in the United States has shown that with full commitment to the use of large
aluminium castings, & minimum of 30% cost saving over a built up sheet metal structure with no weight
penalty could be achieved for a primary structural component weighing approximately 82 Kg in its finished
state.

4.2 Improved quality in order to eliminate or significantly reduce, casting factors

In order to achieve this it must be shown that variability of properties within the casting can be
reduced. Possible ways of achieving this can be by :-

4.2.1 Increased use of "hipping"
4.2.2 Imprcovements in the surface quality for all forms of casting
4.2.3 The increased use of vacuum casting techniques

4.2.4 The introduction of additional technologies to the technique of casting e.g. Improved methods of
metal entry into the mold cavity and the development of more sophisticated mold materials and
chills.

4.2.5 A comprehensive re-evaluation of existing structural test data for as many "In service" castings
as possible. The object being to highlight any conservatism in the choice of casting factors
used during the original design.

While casting factors remain, castings are automatically penalised.
4.3  Improved tolerances

Traditionally, published "sand" casting tolerances have been large and imprecise in their application
for aerospace use and "lost wax" tolerances have been small and seldom achieved.

Experience has shown that the Tooling point/Datum plane system is absolutely essential, together
with a thorough analysis of subsequent "in-house" tooling requirements, i.e. for machining and drilling.
Associated with this, we are moving towards the more general use of surface profile tolerances (ref.
BS308).

The provision of checking fixtures, matched with tooling for mating parts, is almost essential.
Normally these are duplicated - one at the foundry and one with the customer, and, if for reasons for
example of Aerodynamic Accuracy, they locate the casting by other than their tooling points, then a precise
method of use has to be spelled out for the foundry.

It is also sensible sometimes to describe on the drawing the interaction between flatness and thickness
tolerances so that subsequent misunderstandings are prevented.

Regarding actual values, we use a general standard for small lost wax castings of + - 0.3mm up to
25mm with an additional + - O.1mm for 25mm beyond. It will be recognised that this is lower than "brochure"
standards but we have learned by bitter experience that these latter can only be achieved by lengthy
iterative development programmes for which we never have time.

On sand castings, as our requirements from one job to the next are as varied as the tolerances
proposed by the individual foundries, we usually negotiate tolerances on an ad-hoc basis.

Within the whole complex area of accuracy and tolerances our greatest need is for accuracy on
thickness at tne bottom of the range, say up to 5.0mm thick.

4.y Cost saving, for instance, by reduction of radiography

Serious considerztion could be given as to the need to fully radiograph castings, particularly if
processess such as "hipping" or other defect healing processess have been used.
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We would also suggest that in the majority of castings, certain areas are redundant from a real
load carrying point of view. The elimination of radiography in certain areas in these times of high cost
can help significantly.

4.5 Castings of lower weight

It is suggested that the use of magnesium castings should be seriously considered. Once more,
providing the correct component has been chosen as being suitable for casting, in this case because of
its liability to corrode if the protective coating is damaged. The important factors in the use of
magnesium are :- Accessibility for inspection and replacement and elimination of moisture traps.

Advantages seen are the adequate supply of material, ease of casting, reduced distortion on heat
treatment and with improved protective coatings, there could be a new lease of life for magnesium within
airframes.

Lighter, stronger aluminium alloys should also receive serious attention. There is no doubt that
low density, high strength alloys are feasible and these should be exploited if castings are to combat
weight.

4.6 Other properties

A comparison with wrought alloys should be made to identify specific advantages which could be
exploited. For instance, in some cases the Fracture Toughness is better . Do we use this
feature?

5. ANOTHER "DIMENSION"

The foundry industry should be looking for another "dimension" in which to promote its castings.
For example, thought is being put into the reinforcement of castings. The inclusion of fibre or
particulate reinforcement, or whiskers could enhance such properties as stiffness, strength or elevated
temperature characteristics.

Finally, we believe it is essential to introduce more dialogue between experts in the foundries and
the designers AT AN EARLY STAGE of the design. If you as a specialist are the only individual who knows
of your new wonder casting made from "unobtainium", PLEASE let the designer know because he is the only
person who can turn your idea into a reality.
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FIG. 1

FIG. 2

LOW ALLOY STEEL CASTING IN A NICKEL CHROMIUM MOLYBDENUM STEEL OF 1150 MPa TENSILE STRENGTH

SELECTION CF LIGHT ALLOY CASTINGS
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FIG. 3

FIG. 4

FIRST PRODUCTION TITANIUM CASTING IN 6Al-4V ALLOY

CAST FLAP TRACK COMPARED WITH DIE FORGING MATERIAL TITANIUM 6A1-4V



FIG. 5

FIG. 6

RESULT OF STATIC TEST MADE ON TITANIUM CASTING EB WELDED TO WROUGHT

TITANIUM

o
20 oy =Y
eyt i
w cearinsIBES A
o Lo
o g
) e T S—
Formen LREE R
i IREREE
A
..... v

‘,,,_.,..,,—»—ﬂ““"

PITCH AND YAW NOZZLE USED IN VERTICAL TAKE OFF AIRCRAFT



FIG. 7

FIG. 8

TEST COMPONENT IN TITANIUM ALLOY 6Al-4V USED TO EVALUATE TORSION, BENDING
AND TENSILE STRENGTH IN ONE COMPONENT

CASTING IN A357 ALUMINIUM ALLOY



ADVANCED CASTING - TODAY AND TOMORROW
by
Dipl.-Ing, Dietmar Mietrach
VFW GmbH
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Hinefeldstr, 1-5

D-2800 Bremen 1
Germany

Summary

A general summary of the state of foundries and limitations of foundry practice
can be made as a result of personal visits to well-knov foundries in the United
States/Canada, France, Germany, Great Britain and Italy, and the discussions vith
and experience of these foundries. Components have been redesigned in cooperation
vith the foundries to make them more castable.

The aim of the WST-M-program (Economic Structures Technology-Metals) is not only
to demonstrate the practicability of new technologies but also to put the economy
in the foreground. Therefore a report will be given of cost-benefit analyses of
different represenzative military components, castings of primary structure parts
by chosen foundries and the mechanical values of static/dynamic tests.

Using this know-how and personal experience, it is possible to give a prognosis
for use of castings in aviation industry, for the further development of casting
techniques and matz2rials in future.

1. INTRODUCTION

The call for an optimization of aircraft performance as well as the need to cut
costs has in recent years led not only to the development of newv materials but also
to the furtker development of economic manufacturing processes and designs. This need
has become all the more urgent due to the higher cost of rawv materials, wages and
energy.

Therefore a prcgram entitled WST-M - Wirtschaftliche Struktur Technologien-Metal-
lische Werkstoffe (meaning Economic Structures Technology-Metals) - funded by the
FMoD (Federal Ministry of Defence) was launched at Vereinigte Flugtechnische Werke
(VFW) in Bremen in 1978; this program concerns the development and demonstration

of economic manufacturing processes in airframe construction, Fig., 1,

The aim is to achieve drastic cost reductions by developing and applying new
economic manufacturing technologies such as:
aluminium casting, hot isostatic pressing of titanium investment castings, economic
riveting, welding of individual components, precision-forging and SFB/DB (Super-
plastic Forming/Diffusion Bonding) [1], [2].

By placing subcontracts with other German manufacturers of aeronautical equipment
and by cooperation with various institutes and the BWB (Federal Bureau for Weapons
Technology and Procurement), the prime contractor VFW is able to ensure that the
elaborated results will be applied widely to running projects and future programs.

2. TJASK AND AIM

The casting tecinology is given high priority in the WST-M program, since it
is a manufacturing orocess that is favourable in terms of cost and also offers the
possibility of combining into one casting a whole number of material-intensive
machining and sheet-metal parts which were previously joined by riveting at high
cost. Moreover, the process affords the design engineer greater freedom of design.
It should be noted -hat the design is made suitable for casting, i.e. the design
engineer and foundrv should get into touch as early as possible during component
development. Only thus will it be possible to make maximum use of all the advantages
of the process.

So far, the lack of confidence of design and stress engineers in castings has
stood in the way of a more widespread use of castings for primary structures,
Consequently, the program aims at manufacturing reproducible castings by suitable
means [3].



The tasks of the program are:

o to establish and compare the state of the casting technology in the USA, Europe
and Federal Republic of Germany

o using genuine components of the primary structure of MRCA Tornado and ALPHA Jet
aircarft, classified according to the degree of difficult during casting, to pro-
vide for a direct comparability between existing designs (riveted sheet-metal and
machined parts) and the new cast version with regard to cost reduction and techni-
cal reliability

o to compare by value analysis aircraft components cast in various foundries at home
and abroad, to subject these to dynamic and static component tests and to carry
out material-scientific investigations (Table 1 shows the chemical composition
of selected aluminium casting alloys)

o to make predictions on the use of castings in the aerospace industry.,

The subject of aluminium castings will be dealt with in more detail below, The
titanium casting technology will, however, not be elucidated as this would go beyond
the scope of this article, Nonetheless, it should be noted that titanium castings
vill also be put to more extensive use in the aircraft industry in future. Comprehen-
sive investigations are being carried out within the WST-M program,

3. PROCEDURE

The present state of the casting technology in terms of processes, component
sizes, design and material-scientific data as well as mechanical characteristics
has been established by way of personal visits to and extensive discussions with
vell-known foundries in the USA/Canada, France, Italy, Great Britain and the Federal
Republic of Germany, At the same time, a prognosis was made [4], [5] in cooperation
with the foundries of future tendencies for the years 1985 (stage 2) and 1995 (stage
3) with a view to design data and mechanical-technological values., These values are
shown exemplarily in tables 2, 3 and 4,

Based on these data as well as on further boundary conditions such as tolerances,
existing experience with castings and manufacturing know-how of the individual foun-
dries [4], a number of MRCA components were selected according to various castings-
related aspects to permit a comparsion between modern casting technologies and con-
ventional manufacturing processes at a genuine structure. These components and their
adjacent areas vere considered both technically and value-analytically, and designed
as castings. It was here possible to combine into one part several milled parts
vhich had initially represented one component but had broken down into individual
parts for technical machining reasons.

The selected components are representative of a certain component type within
the airframe. By demonstrating the economic and technical practicability of the
individual representative component, demonstration is also furnished for the entire
component type., Fig., 2 illustrates the possibilities available to cut the struc-
tural costs of future aircraft by introducing the casting technology.

4, STATE OF CASTINGS TECHNOLOGY

The casting processes sand casting, investment casting and precial casting are
of significance for aerospace construction [1]. Depending on the respective techni-
cal or economic conditions for the individual components, either one or the other
process will be more advantageous, whilst all 3 processes can be considered equal
in the airframe,

Sand casting is the least expensive casting process for manufacturing large
complex components, table 2. High mechanical values can be reached with iron
chills specially placed in the mould, table 5. The disadvantage is that, in com-
parison with other casting methods, large tolerances of +0.3/-0.5 mm still exist
and minimum wall thicknesses of only 2.5 mm are possible., Local machining or
selective chemical milling offer a remedy to this problem,

The production of investment castings is slightly more expensive than that of
sand castings, Investment casting, however, makes it.possible to produce thin walls
only approx. 1.6 mm thick at high tolerances (+0.3/0.0 mm). At present, components
about 500 mm x 800 mm x 1500 mm can be manufactured, the size being limited not by
the process but solely by the existing manufacturing facilities. Since no purposive
cooling is possible during casting for reasons concerning the process itself,
slightly inferior mechanical material properties are currently still to be expected
in comparison with sand and precial casting, table 5. An improvement is possible
by vacuum-degassing the molten metal, by casting under negative pressure or in a
vacuum or by placing iron chills in the ceramic mould.



Precial casting is more expensive than sand and investment casting but makes
it possible to manufacture components 3000 mm. x 1000 mm x 1000 mm at minimum wall
thicknesses of 1.6 mm and high tolerances (+0.2 mm), table 4, By selective, local
cooling, good metallurgic properties and thus high strength values can be achieved,
table 5, similar to those achieved by sand casting.

It remains to be said that the present state of the casting technology is highest
in the USA/Canada in terms of quantity, size and complexity of the parts, Fig. 3.
Howvever, in recent years considerable efforts have been made in Europe to reach this
standard and, partly, as in the case of sand casting with minimum wall thicknesses
of 2.5 mm, even to surpass the standard. German foundries will still have to make
some prograss.

Generally, the trend is noticeable that the sand casting and investment casting
processes complement one another and that both processes are drawving closer to one
another. For instance, investment castings are becoming ever bigger and have higher
strength values thanks to the measures described above, whereas sand castings can
have thinner walls and closer tolerances by applying investment casting measures (e.g.
ceramic moulds) and refining sand casting techniques. These trends will growv even
stronger in future,

5. CASTING MATERIALS

Preference is given to the casting alloys A 357, KOl and AVIOR Z, table 1, for
primary structures in aircraft construction, for which the castings technology should
mainly be used, on account of the high strength values of these alloys,

The siliceous standard casting alloy A 357 (G-ALSi7Mg0.6), a further development
of A 356, has particulary good casting properties, producing strength values between
R = 310 N/mm® (investment casting) and R_ = 350 N/mm? (sand casting/precial casting)
depending on the casting proceas and component geometry, table 5.

The silver-alloyed and highly cupriferous material K01 (G-AlCu4Ag) is well suited
for sand and investment casting processes when high demands are made on strength values
of approx. Rm = 420 N/mm? but is sensitive to heat-cracking during casting.

The cupriferous alloy Avior Z has a composition similar to that of KOl, The main
difference concerns the high magnesium content (up to 0.8%) and the alloying of zinc
(up to 1.5%). Avior Z is cast only according to the precial casting process and has
strength values of R = 450 N/mm?,

6. SELECTION AND CASTING OF REPRESENTATIVE COMPONENTS

An analysis of the MRCA production share was carried out within the WST-M pro-
gram in ordsr to establish cost-intensive factors and to find typical, improvable
structures where a conversion to castings would appear sensible, Boundary conditions
such a geomztriec dimensions, tolerances, strength values and castability have been
taken into consideration in the newv concept for casting. Preliminary designs of
selected assemblies served as a basis for discussions with foundries at home and
abroad, and were revised subsequent to the discussions with the manufacturers. This
iterative course of action served not only to ensure that the drafted design corres-
ponded to the latest castings standard but also to achieve considerable cost reduc-
tions.

The exemplary castings NIB, PYLON and INTAKE FLOOR by comparison increase in

terms of size and complexity and continuously provide the result for present and
future aircraft on the basis of the hardware examinations,

6.1 Exemplary component: NIB center structure

The NIB, being a primary component of the structure, serves to bear aerodyna-
mic air loads as well as loads from the Kriiger flap, The component is presently manu-
factured in series from 15 machined and sheet-metal parts as well as 164 fasteners,
Fig. 4. The investment casting/precial casting versions of the alloy A 357 consists
of only one part.

6.1.1 Yalue analysis

Comprehensive investigations and value analyses have revealed considerable cost
savings for the cast version, Fig. 5. By introducing further design modifications,
it was possible to exceed the original target data of 15% weight savings at the same
coat - compared with the series-production component - by far with 20% weight savings
and 25% cost savings, Fig. 6.
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6.1.2 Design and stress, casting of components

The design data and strength values provided by the foundries, table 5, flowed
into the component drawings. Savings from material overlappings for 164 fasteners
and further wveight-reducing measures led to a weight reduction of 20%. A weight re-
duction of approx. 25% in all is considered possible for the future by improving the
casting process and material properties.

Two manufacturers each

o a French foundry (precial casting) and

o a German foundry (investment casting)

vere commissioned to cast 20 components for the hardwvare program in order to demon=-
strate the practicability as well as to substantiate the cost savings calculated by
value analysis.,

The decision in favour of investment and precial castings rather than the far
cheaper sand casting process was reached solely for reasons of weight. In designing
the investment casting variant according to the 'cire perdu' process, it proved
possible to have large thin-walled areas approx. 1.6 mm thick with close tolerances
(+ 0.3/0.0 mm). The precial casting variant combines thin wall thicknesses (1.6 mm)
and close tolerances (+ 0.2 mm) with extremely good matallurgic properties and thus
high mechanical values, table 5.

Fig. 7 shows a cast NIB., The results belowv refer to the precial castings.

6.1.3 Incoming inspection

lThe inspections and checks carried out by the manufacturer (foundry) and orderer
(VFW) according to the test instructions served to check the quality standard of the
casting. At the same time, it was possible to draw conclusions with regard to the
reproducibility of the delivered castings. In order to demonstrate the reached mecha~
nical/technological values, 'type sample verifications' were carried out on two com-
ponents at the foundry and two further components at VFW. These verifications com-
prised

o visual inspections

o dimensional checks

o checking of chemical composition

o penetrant test

o X-ray test as per ASTM-E 155

o metallographic investigations

o tensile tests on 13 specimens taken from the casting (LN 29512)

On the basis of the micrograph, it is possible to make a statement on the
mechanical values [2], [6] and {7] using the DAS method (Dendrite Arm Spacing). An
additional non-destructive quality assessment can thus be made at any part of the
casting.

Precial and sand casting can be distinguished from one another by this method,
Fig. 8. Statements of tendencies regarding DAS/tensile strength R_ are possible on
the strength of the results in hand. In order to restrict the sca@tering range and
to characterize the yield strength R and elongation A., a far greater number of
samples has to be evaluated and addiego%al criteria such gs cell size, porosity and
distribution of silicone particles must be taken into consideration [8].

Table 6 gives a table of the reached static strength values, determined at
samples taken from two castings. The table shows that the values reached fully meet
the requirements and that no single value differs distinctly.

To sum up, it can be said that the above tests have not given rise to any
objections,

6.1.4 Component tests

1he conventional design and castings of the NIB center structure were compared
vith one another under the same test conditions, Fig. 9 and 10, to permit a distinct
comparison between the milled part/casting of a component. [3] gives a detailed de-
scription of the test set-up and performance at the precial casting.



The result of the static tests, Fig. 9, has shown that, in comparison with the
conventional design, the cast version is sufficiently dimensioned statically, table 7,
although the additional casting factor of 1.25 respectively 1,5 required by the cer-
tification authorities has not been introduced into the calculation,

Defined cumulative loads, Fig. 10, were applied during the dynamic tests, The
load duration for one flight amounted to 8 seconds. Visual inspections were carried
out continuously throughout the test. To sum up, it may be said that the cast version
is by far superior to the conventional design on account of the fact that. the possi-
bilities offered by the casting technology have been exploited fully, Fig. 11 and
table 7.

6.2 Exemplary component: PYLON

The Alpha Jet PYLON, Fig. 12, is another example of a structural component of
A 357 having a high load-carrying capacity [2). The aim is, by means of an improved
sand or precial casting version, to reduce the mass of the structure by 25 to 30%,
vhich will result in an increase of the useful value [1]. Higher strength values,
thinner wall thicknesses and smaller tolerances as compared to the existing cast
version are envisaged. The comparison [1] with the milled part shows clearly that
all the examined cast versions have a higher useful value,

As in the case of the NIB, the individual cast versions of the PYLON were
discussed with numerous foundries at home and abroad. The final decision as regards
the casting of a large number of PYLONS to demonstrate the required values was reached
in favour of the precial casting process on the one hand and the sand casting process
on the other hand.

The first components will be delivered in mid 1982, The dimensional checks,
specinen tests and component tests will then be carried out, A final value analysis
vill serve to complete this work package within the WST-M program,

6.3 Exemplary component: INTAKE FLOOR

The MRCA INTAKE FLOOR may serve as a representative exemplary component having
a complex gsometry and made of the aluminium casting alloy A 357, This part of the
primary structure is located in the forward engine intake and bears the internal in-
take pressuce. The component presently consists of a cost-intensive mixed design made
up of 22 machined/sheet-metal parts and approx. 400 fasteners, Fig. 13, The casting
vill consist of one part only.

6.3.1 Value analysis

In comparison with the conventional design, cost reductions of more than 60%
are possible by introducing selective design modifications, providing a design which
is suitable for casting and applying the sand casting process, table 8, In other
vords, just where this component is concerned, costs of 15 million DM can be saved
vith the nev technology for a new aircraft [2].

6.3.2 Design and stress

The data and statements provided by 9 foundries [2] with regard to wall thick-
nesses, tolerances and strength values, table 9, flowed into the design [9] of the
existing MRCA component drawings, the low tolerances ensuing from the high aerodynamic
requirements - which can, however, be mastered - for the caating and the tools.

6.3.3 Casting and component tests

After giving the INTAKE FLOOR a design suitable for casting, two selected foun-
dries {sand and precial casting) were commissioned to cast the components. The first
castings will be delivered in mid 1982, The value analysis, dimensional checks and
component tests will then follow.

7. VERIFICATION OF STATIC AND FATIGUE CHARACTERISTICS

The mechanical-technological values of the castings for the sand, investment
and precial castings processes (primarily for the alloy A 357) will be verified within
the WST-M program. In parallel to component tests, specimens are taken from numerous
castings in order to establish the static and fatigue characteristics (notched and
unnotched specimens) as well as to carry out crack propagation and fracture-mechanics
investigations [2].



Once these results are in hand, it will be possible to make available the
required documents so as to use castings more extensively for primary structures and
to minimize or eliminate the castings factor.

8. JOINING OF CASTINGS

A further task of the WST-M program consisted in checking to what exent it is
possible to join components made of aluminium casting alloys by means of undetachable
fasteners (solid, blind and special fasteners) or fusion welding (TIG or EB welding).
The strength behaviour of such joints was established and compared with specimens
made from an aluminium wrought alloy.

To sum up, the following may be said to apply to riveted casting specimens

(2], [10]:

o manufacture can be carried out according to the manufacturing procedures known for
wrought alloys

o the static strength behaviour of the riveted specimens of the aluminium casting
alloy A 357 is equivalent where solid fasteners are installed, and less favourable
than that of wrought alloys where blind and special fasteners are installed

o depending on the specimen bar shapes and the fastener, the service life values
(flight-to-flight load tests: FAL%TAFF) of the aluminium casting alloy A 357 are
slightly lower up to approx. 2‘&0 flights and slightly higher than the wrought
alloy values up to approx, 5+¢10° simulated flights.

o the fatigue strength behaviour (single step,loading tests) of the aluminium casting
alloy was slightly lower up §0 approx. 2+10° load cycles and slightly higher than
of the wrought alloy from 10” load cycles onwards, Fig. 1l4.

As regards the TIG and EB welded cast specimens [2], [9] and [10], it can be
said that:

o aluminium casting alloy A 357 is to be considered well weldable

o independent of the welding process, the static strength values of the fully heat-
treated specimens correspond to the values of the basic material

o contrary to the TIG welded specimens, no distinct difference of the fatigue strength
behaviour was established between machined and unmachined specimens in the weld
seam area of EB welded specimens

9. SUMMARY

The urgent need to cut structural costs in aircraft construction is increasingly
leading to the development/further development of cost-reducing manufacturing pro-
cesses,

In the past, it was not possible to use cost-saving castings extensively for
primary structures in aircraft construction since there was a lack of confidence in
the control of the casting process, in the reproducibility of the mechanical values
and in the quality assurance methods in the aerospace industry. In order to force
the introduction of high-strength aluminium castings, extensive hardware investiga-
tions and value analyses were carried out on genuine components of the MRCA-Tornado/
Alpha Jet under the WST-M program at VFW in Bremen.

The investigations concluded positively in the first phase of the program
revealed that cost savings of 25% and weight savings of 20% can be achieved by
changing the existing NIB series component (15 single parts/164 fasteners) into a
casting. The successful activities are being continued with the exemplary components
INTAKE FLOOR and PYLON.

Finally, it should be noted that hot isostatic pressing of castings makes it
possible to eliminate porosities and thus, amongst other things, to improve the
mechanical characteristics.,This process and the possibility of selective chemical
milling at castings should be taken up and followed up further.

An important fact to bear in mind is that the success in applying the cost-
saving castings technology depends on the quality of the foundry. Experience has shown
that there is a distinct difference in quality so that orders cannot only be placed
according to the principle of the cheapest bidder.
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Fig. 1 Project structure plan “Economic Structure Technologies — Metals”
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Fig. 2 Prognosis of the share of aluminium castings of various component types (1 NIB,

2 Frame, 3 Wall (INTAKE FLOOR), 4 Strap, Support Beam, 5 Panel) in a combat
aircraft as a function of the stages of castings development




Fig. 3

Transverse frame of the Boeing YC—14 as a reference component for the CAST pro-
gram in the USA: a — location of tive component, b — shape and main dimensiens
of aluminium casting version A 357 [6]
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Fig.4  The NIB, part of the MRCA Tornado primary structure, prior to the conversion:
1 MIB individual parts, 2 Assembled component, 3 Location in fixed wing, 4 Fixed
wing
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Fig. 5 Cost savings of NIB center structure in comparison with the basic component under
series—production conditions: IC investment casting, PC precial casting, SC sand casting,
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Fig. 6 Weight and cost calculation for the NIB center structure as investment/precial casting
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Fig. 7 NIB center strugture: cast version in A 357. Approximate dimensions 500 mm length
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CONVENTIONAL VERSION NEW: PRECIAL—-CASTING A 357

Fig. 11 Dynamic component test. Design and crack prooagation at the NIB

Fig. 12 Quter PYLON of Alpha Jet {sand casting). Approximete dimensions 1700 mm length
x 80 mm width x 300 mm height
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Fig. 13  Exemplary component: MRCA Tornado INTAKE FLOOR
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ELEMENTS ) Others
Cu Ag Be Mn Mg Ti Fe Si Zn each o) Al
ALLOY (%] [%] [%] [%] [%] [%] (%] [%] [%] [%] [%] [%]
A356 from = — . -_ 0,20 5 - 6,50 B — =
(3.23714) to 020 | — — | 010 | 040 | 0,20 | 020 | 7,50 | 00| 0,05 | 015 | Bal
from _ = 0,04 = 040 | 0,10 - 6,50 =3 - =
A357
to 0,20 - 0,07 | 010 070 | 0,20 | 020 | 7,50 | 0,10 | 0,05 | 015 Bal
from 4,00 0,40 o 0,20 015 | 015 = — = = =
K01
to 500 | 1,00 — 0,40 035 | 035 | 010 | 0,05 —_ 0,03 | 010 Bal
i from 400 | 050 — 0,20 040 | 0,20 —_ —_ 020 — —_
AVIOR
" to 5,50 1,00 —_ 0,80 0,80 | 0,50 0,05 00515 | — 6,03 Bal
Table1 Chemical composition of the aluminium casting alloys A 356, A 357, KO1 and AVIOR

SAND CASTING

CRITERIA
STEP1 STEP 2 STEP3
{~1980) {~1985) {~1995)
MAX. SIZE [mm)] 1500x800x4000 | 1500x1500x5000 | 2000x2000x5000
MIN. WALL
THICKNESS [mm] 33/252 15 1,0
IN LARGE AREAS
THICKNESS £05[+032) | +03)z032 £0,30
TOLERANCES [mm)] - 0,5 - 05 ’
ALLOY A 357 A357 | Ko1 3)
Rey 350 370 | 420 500
MECHANICAL
pROPERTIES 1! FP0.2 e | =
[N/mm2] or [%) Ag 5 7 5 7

1) In critical areas
2) Special process

3) New or modified aluminium alloys

Table 2 Prognoses on the aluminium casting technology (sand casting)
as a function of the stages of development

INVESTMENT CASTING
CRITERIA Step 1 Step 2 Step 3
(~1980) {~985) {~1996)

MAX. SIZE [mm] 500x500x850 | 500xB00x1500 | 800x1000x2000
MIN. WALL THICKNESS [mm]
IN LARGE AREAS 18 12 08
THICKNESS +0,3
TOLERANCES [mm] 0,0 015 RS
ALLOY A 357 A357 | Kot 2)
MECHANICAL R 310 340 420 480
PROPERTIES!! Rp0.2 220 260 360 410
[N/mm?] or [%) Ag 5 6 5 6
1 |n critical oreas
2) Naw or modified aluminium slloys

Table 3  Prognoses on the aluminium casting technology (investment casting)

as a function of the stages of development



Although the reliability of a casting mainly depends on its shape, in other words on
the design, the properties of the product are strongly related to the metallographic
structure. This structure forms during the solidification of the liquid metal in the
mould cavity, and after pouring it can only be modified in a limited way. In most cases
therefore the structure should give the required properties already in the as-cast con-
dition. :

Apart from its structure, also the dimensional accuracy and the surface appearance
should be mentioned as characteristics of the quality of a casting. These both factors
are influenced by the moulding and pouring practice, that is common for a given foundry.

The demands required from castings are continually increasing. Guaranteed lifetime,
higher strength, lighter in weight, applicable at increased temperatures, higher accu-
racy, are only a few examples. The production of such high-quality castings is only poss-
ible nowadays, as a result of careful processing in the foundry and modern knowledge of
metallurgy and foundry technique. The term 'casting technology'" includes therefore many
aspects; only a few of them will be discussed in the next paragraphs.

2. CRITICAL MOMENTS IN THE CASTING PROCESS

The shaping of a casting is schematically demonstrated in Fig. 1. A high-duty casting
arises already in the design-stage, in a close co-operation between the designer and the
foundryman. The exact shape of the product is determined, the alloy is chosen and the
requirements written down into specifications, calculating the specific possibilities
and restrictions of the casting method chosen.
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Fig. 1 Flow diagram of casting production and relation between structure and
properties.

The foundryman has to fulfil the specifications, and must during the whole process pay
attention to a number of critical moments, that could badly influence or even disturb the
quality of the casting. In this respect must be mentioned:

- instability of the mould-wall during pouring and solidification, giving a lesser dimen-
sional accuracy and sometimes the occurrence of internal porosity;
- metallurgical reactions during melting and pouring resulting in the pick-up of gases

in the metal and the subsequent formation of oxydes;

- turbulence of the liquid metal during pouring giving rise to a probable erosion of the
mould, and entraping of gases and slag;
- feeding behaviour of the alloy with the risk of shrinkage porosity.

These points are basically valid for all the casting methods, and for as well ferrous
as non-ferrous alloys. However, the importance of each item depends on the alloy, the
method, and the type of casting. There is a large difference in the rate of difficulty
to produce a simple casting from normal cast iron or a high-duty component from a highly
reactive titanium alloy.
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From Fig. 1. it is obvious that the solidification of the casting takes the central-
position oZ the problem, because the structure formed directly determines the proper-
ties and the reliability of the casting. Defects in this structure can badly influence
the usabil:-ty of the product. The question how to develop a qualified casting, can be
transformed to how to achieve the good structure in the casting. The area '"casting tech-
nology'" consists therefore for the greater part in ''solidification processing".
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Fig. 2 Schematic representation of the different casting methods.

A = pouring by gravity D = high-pressure die casting
B = low-pressure (die)casting E = squeeze casting
C = counter-pressure (die)casting

Fig. 2. illustrates schematically the basic methods of casting classified according
to the way in which the mould is filled (2) Fig. 2.A represents the traditional way of
casting; the liquid metal is poured into an ingate and the mould cavity is filled by
gravity. The mould itself can be made of moulding sand and is destroyed after the cast-
ing has solidified. Alternatively the mould is made from steel or cast iron (die) and
can be used for a large number of castings. Cores, if necessary, are made of sand in
these processes. Fig. 2.B refers to the low-pressure die-casting technique. The essen-
tial part in this process is the slow filling of the mould by adjusting the pressure Py,
which exceeds Pat at about 0.05 MN/m?. The solidification of the casting occurs form top
to bottom directed to the central ingate, which acts simultaneously as a feeder. This
principle of mould filling is in fact also applicated in the "CLA"-process for the manu-
facture of 1lsst-wax investment castings (3). Under partial vacuum liquid metal is sucked
into the cavity of the vertically positioned mould and remains there until the castings
are solidifisd. The 1liquid metal, still present in the central ingate, drains back to the
crusible. A refinement of the low-pressure die-casting process is shown in Fig. 2.C:
the counter-pressure casting process invented in Bulgaria (4). The mould is carefully
filled with liquid metal due to a controllable difference between Pq and P;, which are
appr. 1,6 MN/m? and 1,55 MN/m® resp. This higher than atmospheric pressure remains in
the casting and the feeders during the solidification time. The high-pressure die-casting
process with a cold chamber is illustrated in Fig. 2.D. Shortly after the metal has been
poured into the chamber, it is pressed into the mould cavity. The pressure Pq is rather
high (about ~50-200 MN/m?), so the liquid metal enters the mould turbulent and with a
very high speed. Fig. 2.D represents the so called squeeze casting process. Liquid metal
is poured into the metal die, and next pressed into the final shape. The pressure Pq is
in the order of magnitude of 100 MN/m? (2,5,6).
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